Abstract. The present study was aimed to predict the absorption profile of a risperidone immediate release tablet (IR) and to develop the level A in vitro-in vivo correlation (IVIVC) of the drug using the gastrointestinal simulation based on the advanced compartmental absorption and transit model implemented in GastroPlus™. Plasma concentration data, physicochemical, and pharmacokinetic properties of the drug were used in building its absorption profile in the gastrointestinal tract. Since the fraction absorbed of risperidone in simulation was more than 90% with low water solubility, the drug met the criteria of class II of the Biopharmaceutics Classification System. The IVIVC was developed based on the model built using the plasma data and the in vitro dissolution data in several dissolution media based on the Japanese Guideline for Bioequivalence Studies of Generic Products. The gastrointestinal absorption profile of risperidone was successfully predicted. A level A IVIVC was also successfully developed in all dissolution media with percent prediction error for Cmax and the area under the curve less than 10% for both reference and test drug.
INTRODUCTION
Risperidone is an antipsychotic with extremely potent serotonin-5HT 2 and potent dopamine-D 2 antagonistic properties (1) . Risperidone is rapidly and very well absorbed after administration orally. It is extensively converted in the liver (2) (3) (4) (5) . Its absorption does not appear to be affected by food (5) . Risperidone is a weak base with ionization constants of 8.24 (pK a 1) for the piperidine nitrogen and 3.11 (pK a 2) for the pyrimidine moiety (4) . Risperidone has low solubility in water and high permeability so that it belongs to class II of the Biopharmaceutical Classification System (BCS) where dissolution rate is the limit factor for its absorption. BCS class II drug of immediate release dosage form is the subject of in vitro-in vivo correlation (6, 7) . Up to the present, the in vitroin vivo correlation (IVIVC) for risperidone has not been developed yet.
Dissolution testing is an industry standard and is used both for quality control (QC) purpose and during drug product development (R&D). Ideally, dissolution data can be used to establish IVIVC with clinically observed plasma-time curve (8, 9) . The Food and Drug Administration (FDA) defines IVIVC as a predictive mathematical model describing the relationship between an in vitro property of a dosage form and a relevant in vivo response. An IVIVC can be used to request biowaivers from regulatory agencies for certain formulation or production changes within the lifecycle of a product. This reduces the need for expensive bioequivalence testing in humans (10, 11) . The IVIVC can be achieved using a computer-based model such as the advance compartmental absorption and transit (ACAT) model. The main objective of an IVIVC is to serve as a surrogate for in vivo bioavailability and to support biowaivers.
Physiologically based modeling for prediction of the gastrointestinal transit and absorption of drug in humans has received much attention recently. GastroPlus ™ is a simulation software that uses the ACAT. In the ACAT model, the small intestine is divided into different compartments and calculates the fraction dose absorbed for each compartment (11, 12) . The aim of the present study was to employ GastroPlus™ as a tool to investigate the absorption profile of risperidone in the gastrointestinal tract disposition based on its physicochemical and pharmacokinetic parameters and to build its in vitro-in vivo correlation based on the model built.
MATERIALS AND METHODS

In Vivo Data
The pharmacokinetic data required for the simulation were supplied by Towa Pharmaceutical Co., Ltd, Osaka, Japan. The data consisted of plasma concentration data of risperidone oral tablet, both test and reference drug. The experiment to get the plasma concentration was conducted based on the Japanese Guideline for Bioequivalence Studies of Generic Products (13) .
In Vitro Studies
Both dissolution data of risperidone tablets, reference and test, were supplied by Towa Pharmaceutical Co., Ltd, Osaka, Japan. The dissolution tests were conducted based on the Japanese Guideline for Bioequivalence Studies of Generic Products. Briefly, the dissolution tests of risperidone tablets were conducted using USP apparatus 2 (paddle rotation) at 37±0.5°C in five different media; in phosphate buffer pH 1.2, pH 4.0, pH 6.8 at 50 rpm, in water at 50 rpm, and in phosphate buffer pH 6.8 at 100 rpm. Risperidone is an immediate release tablet 2 mg containing risperidone, lactose, maize starch, crystalline cellulose, hypromellose, L-hydroxypropyl cellulose, magnesium stearate, hydroxypropyl cellulose, talc, titanium dioxide, and carnauba wax.
Mechanistic Simulation
GastroPlus™ (version 7.0.0.01, Simulation Plus, Inc., Lancaster, CA, USA) was used to simulate the in vivo absorption profile and to develop the in vitro-in vivo correlation of risperidone. The program has three input tabs, namely, compound, physiology, and pharmacokinetic tab, comprising three sets of factors influencing oral drug absorption. In the compound tab, Log P, solubility, diffusion coefficient, and human effective permeability were predicted using the ADMET predictor module from GastroPlus™. pK a values were taken from published literature. Other data in the compound tab were set at default values. The drug release profile was used by the software to calculate the drug concentration in each compartment. The human Log D absorption model was used to estimate the changes in permeability as the drug traveled along the gastrointestinal (GI) tract. All other parameters were fixed at default values that represent human fasted physiology. Gastroplus™ then calculates the fraction dose absorbed based on the ACAT model using drug concentration, permeability, and transit times in each compartment. In pharmacokinetics tab, blood/plasma concentration ratio and percent of drug unbound to plasma proteins were estimated by ADMET predictor module, and optimizing process from optimizing module was used to estimate the pharmacokinetic parameters (CLr, Vc, k12, and k21). All other pharmacokinetic parameters were fixed at default values. The input data for GastroPlus™ simulation were summarized in Table I and the scheme of work in Fig. 1 . The percent prediction error (%PE) for Cmax and area under the curve (AUC) were calculated based on the equation given below:
RESULTS AND DISCUSSION
Mechanistic Simulation-Model Validation
Gastrointestinal simulation for risperidone IR tablet based on the input parameters in Table I was performed using the Gastroplus™ single simulation mode. The simulated risperidone absorption profile is presented in Fig. 2 , together with the mean plasma profile of the reference tablet and the test one. The predicted plasma concentration was similar to the observed one for both tablets.
The prediction fraction of drug absorbed (Fa) was 99.79%. This value was in accordance with the literature which reported that risperidone when administered orally is rapidly and completely absorbed (4, 14, 16, 17) . GastroPlus™ succeeded in estimating the bioavailability of risperidone. The predicted value of bioavailability was 65.9%. This value was almost close to the value reported in some journals.
It has been reported that absolute bioavailability of risperidone was 66-70% (14, 18) . The predicted and observed pharmacokinetic parameters following oral administration of 2 mg risperidone IR reference tablet and test one are listed in Tables II and III , respectively. The percent prediction error for Cmax of test tablet is slightly smaller than the reference one (0.57% compared to 7.43%) but both of the values are less than 10%. On the other hand, the percent prediction error of the area under the curve of the reference tablet shows slightly smaller than the test one (1.22% compared to Fig. 1 . Scheme of the work in building IVIVC for risperidone IR tablet 7.12%) but those values are less than 10%. The percent prediction error values which is less than 10% for Cmax and area-under-the-curve values indicates that the generated absorption model gave good prediction of risperidone oral absorption. The percent prediction error for tmax is high (36%) for both reference and test tablet, but the value was still accordance with some published journal. Zhou et al. reported that tmax of risperidone in Chinese female patients with schizophrenia was 1.6 h. Belotto et al. reported that risperidone tmax in healthy Brazilian volunteers was 1.5 h, and Schaick et al. reported that tmax was 1.8 h in healthy volunteers (19) (20) (21) .
The regional absorption distribution generated by GastroPlus suggested that the majority of risperidone was absorbed in the duodenum and jejunum (82.2%), while the rest of dose was absorbed in middle and distal GI regions (Fig. 3) . These results are in accordance with the general trend of drug absorption. Risperidone is a basic drug with two pK a (pK a 1=3.11 and pK a 2=8.4). With those pK a , the drug will be in the unionized form in the large amount in the duodenum and jejunum pH environment (4, 22) . This is also in accordance with a published journal that reported that risperidone, when administered orally, will rapidly and completely be absorbed. In the pH values 2-3 units over the pK a (3.11), which is the environment pH of the duodenum and jejunum, the majority of basic drugs will be in unionized form which will have linear correlation with the high permeability across the gastrointestinal membrane (22) .
Different virtual dissolution profiles used as inputs for gastrointestinal simulations are presented in Fig. 4a (1,2) . The corresponding Cp-time estimated on the basis of the generated risperidone-specific absorption model profiles are shown in Fig. 4b (1,2) . In deconvolution methods, mechanistic absorption model was chosen to correlate the in vitro dissolution data and its corresponding plasma concentration data.
This deconvolution method utilizes the full capabilities of the ACAT model. The simulated profiles of plasma concentration in all dissolution media were overlap. In establishing the IVIVC using deconvolution approach, in vivo release which calculated from GastroPlus™ was compared to the virtual in vitro dissolution profiles. Results from regression analysis are shown in Fig. 5 . The correlation value (r 2 ) which is very close to 1 for all dissolution media indicated that strong in vitro-in vivo correlation were successfully developed in those dissolution media. The correlation value showed that the test tablet had slightly stronger correlation than the reference one.
In the convolution approach, the level A IVIVC was developed by comparing the plasma concentration observed and plasma concentration predicted by GastroPlus™. Figure 6 showed the correlation. Result from regression analysis indicated that in vitro-in vivo correlation was also successfully established using the convolution approach. The value of correlation coefficient (r 2 ) was close to 1. Again, the result showed that the test tablet had slightly stronger correlation compared to the reference one.
Tables IV and V showed the percent prediction error for Cmax and AUC for reference and test tablet, respectively. Both Cmax and AUC of reference tablet gave the prediction error less than 10% which met with the U.S. FDA standard. The PE value of AUC of reference tablet in all dissolution media showed the similar extent (7.764, 7.766, 7.693, 7.764, 7.788%). This indicates that the extent of absorption is not affected by dissolution rate in all dissolution media. The similar value of percent prediction error of Cmax indicates that all dissolution media can be used as the media to establish the in vitro-in vivo correlation of risperidone tablet. Similar to the reference tablet, the value of percent prediction error of test tablet for Cmax and AUC also less than 10% and therefore met the FDA standard.
BIOWAIVER CONSIDERATION
The European Medicine Agency allows BCS-based biowaiver for immediate release tablet for BCS class I and III drugs (17) . On the other hand, the Food and Drug Administration accepts BCS-based biowaiver for BCS class I drugs, highly soluble and highly permeable drugs. Recent suggestions point out that IVIVC-based biowaiver concept could be extended to some BCS class II drugs under assumption that the drug dissolves completely during the gastrointestinal passage. The scientific rationale for granting this extension biowaiver is that their oral absorption is most likely limited by in vivo dissolution. In vivo dissolution can be estimated in vitro; it is possible to establish an in vitro-in vivo correlation. Risperidone, both reference and test tablet showed, that the drug dissolved rapidly (more that 85% in the time less than 30 min), indicated that the IVIVC of the drug can be used as scientific basis of biowaiver. Risperidone immediate release tablet can be as a candidate of biowaiver.
CONCLUSION
The simulated absorption profile indicates that risperidone is a highly permeable drug where more than 90% of the dose was absorbed. With this value and its low water solubility, risperidone meets the criteria of class II of the biopharmaceutical classification system. The absorption of risperidone mainly takes place in the upper part of the gastrointestinal tract, i.e. duodenum and jejunum. Results from regression analysis indicate the in vitro-in vivo correlation for risperidone immediate release tablet can be established using the dissolution media which is regularly used in the Japanese Guideline for Bioequivalence Studies of Generic Products.
